ABSTRACT
INTRODUCTION
Calcium-calmodulin dependent protein kinase II (CaMKII) is a serine/threonine kinase 26 that plays critical signaling roles in multiple mammalian tissues (Backs et CaMKIIα and β are predominantly expressed in neurons, CaMKIIδ is predominantly 4 expressed in the heart and CaMKIIγ is found in multiple organ systems, including the reproductive organs. The kinase and hub domains of all four genes are highly conserved 6 (~90% on average), however, the linker domain connecting the kinase and hub domains /CaM competes with the regulatory segment, thereby activating the kinase and allowing for Thr286 phosphorylation, which yields autonomous activity. Even when the calcium stimulus diminishes, CaMKII stays on as long as Thr 286 is phosphorylated. D) In mammalian eggs, addition of PLC or Sr 2+ leads to stimulation of calcium oscillations and CaMKII activation. CaMKII is expected to be "off" in the absence of Ca 2+ and turn "on" after Ca 2+ levels rise.
is variable in length and composition. Details elucidating the importance of the variable linker region remain to be uncovered, but there are >30 different splice variants of each 2 of the four genes, which mostly vary in the linker region only. It has been shown that CaMKII activity is tuned by the length of the variable linker in vitro (Bayer, De Koninck, 4 & Schulman, 2002; Chao et al., 2011) . Specifically, as the variable linker is lengthened, less Ca 2+ is needed for activation (i.e., activation of CaMKII is easier). Thus, it is 6 important for us to consider the complexity of endogenous CaMKII expressed in various cell types. 8
Camui is currently the only biosensor for CaMKII activity (Takao et al., 2005) . Camui is 10 a Förster resonance energy transfer (FRET)-based biosensor for CaMKII activity, which exploits the conformational change that CaMKII undergoes when it binds to Ca 2+ /CaM 12 ( Fig. 2A) . To date, Camui has been a very useful tool to study and understand CaMKII activity in various cell types (mainly neurons and cardiomyocytes) and under various 14 CaMKII variant itself, and thus will only report on this particular variant. To enhance our understanding of this complex protein, we need a way to measure endogenous CaMKII 18 activity. One option is to re-engineer Camui with the appropriate CaMKII isoform to be studied, however this becomes limiting when there are multiple isoforms expressed in a 20 single cell type, such as during the development of the female gamete, the egg. We now report the development of a novel biosensor that detects endogenous CaMKII activity. 22
Herein, we show the efficacy of this new sensor in mouse eggs.
RESULTS AND DISCUSSION

Development of a novel biosensor for endogenous CaMKII activity 2
We developed a novel substrate-based sensor for CaMKII activity, FRESCA (FRET based Sensor for CaMKII Activity, Fig. 2A observed that with CaMKII present, the addition of ionomycin causes a reduction in FRET, indicating that CaMKII is active and phosphorylating FRESCA (Fig. 2B, red  20 lines). Importantly, we did not observe a FRET change when CaMKII was not cotransfected, demonstrating that FRESCA is selective for CaMKII and not being 22 phosphorylated by other HEK cell kinases (Fig. 2B, blue lines) . ΔFRET signal after addition of ionomycin and increase in Ca 2+ . ΔFRET amplitude indicates the overall change in FRET during the duration of the Ca 2+ signal. Statistics are reported in the tables below, differences were considered significant at P <0.05 (*). Despite the role of CaMKIIγ in the initiation of development, the complete profile of CaMKII activity during fertilization in mammals is not known. Further, CaMKII activity 22 also seems to play a role in preventing apoptosis in Xenopus and mouse eggs, although the pattern and degree of activation for this activity are even less studied (Nutt et al.,
2005). 2
To date, CaMKII activity has only been assessed based on a few Ca 2+ rises using in vitro 4 kinase assays and during only the first hour of oscillations, which is considerably shorter than the time scale for normal oscillations in the mouse. Therefore, there is a need to 6 monitor CaMKII activity in live cells and for an extended time, which is what we address here. 8
FRESCA and ionomycin-induced Ca
2+ oscillations in mouse eggs
10
FRESCA expression and distribution in germinal vesicle (GV) oocytes and MII stage oocytes, henceforth referred to as eggs, was widespread and cytoplasmic (Fig. 2C). 12
However, a small amount of FRESCA appeared to enter the nucleus of GV oocytes ( Fig.   2 , supplement 1). 14 Given the immediate and large Ca 2+ rise caused by the addition of ionomycin, we first 16 tested FRESCA responses in eggs using this ionophore. We analyzed the effect of 3 concentrations of ionomycin: 0.5 µM, 2.5 µM and 5 µM. Upon addition of ionomycin to 18 eggs expressing FRESCA, we observed a FRET decrease, indicating CaMKII activity ( Fig. 2D-I ). At the lowest ionomycin concentration (0.5 µM), CaMKII activity appears to 20 perfectly track the Ca 2+ pulse (Fig. 2D, E) . Conversely, at higher ionomycin concentrations, CaMKII activity is unstable during the duration of the Ca 2+ pulse, 22 although higher concentrations appeared to prolong and increase the FRET response of FRESCA ( Fig. 2, supplement 2 ). The time to FRET peak was faster with addition of higher ionomycin concentrations (Fig. 2, 
supplement 2). 2
We tested the specificity of FRESCA for CaMKII in mouse eggs. We first used CaMKII 4 inhibitors, which should eliminate the FRET response if CaMKII is the only kinase phosphorylating FRESCA in eggs (Fig. 2, supplement 3) . We show that the addition of 6 KN93, a commonly used allosteric inhibitor for CaMKII, significantly reduces FRET PMA, a PKC activator shown to stimulate this enzyme in mouse eggs (Halet, 2004 ), also does not induce FRET (Fig. 2, supplement 3) . Taken together, we report that FRESCA is 18 a specific reporter of CaMKII activity in mouse eggs. rise" is that which induced the first FRET response, and then the subsequent 2 rises were measured. Statistics are reported in the tables below, differences were considered 6 significant at P <0.05 (*). (Fig. 3, supplement 2) . 2
Using Camui to measure CaMKII activity in mouse eggs 4
As described, the highly used Camui biosensor is comprised of CaMKII itself (see Fig.   4A ), specifically CaMKIIα, which has a 30-residue variable linker region (Fig. 4C) . We expressed the Camui reporter in mouse eggs using mRNA injection, and similar to 18 FRESCA, expression was robust within ~30 minutes and we began FRET measurements ~4 hours post injection to attain stable Camui levels. As shown by confocal microscopy, 20
Camui attained a widespread cytoplasmic expression in eggs, although in GVs it was excluded from the nucleus, which is consistent with the reported expression of CaMKII 22 in the cytosol of mouse eggs ( Fig. 4B and Fig 4., supplement 1) (Hatch & Capco, 2001 ). indicates the overall change in FRET during the duration of the Ca 2+ signal. Statistics are reported in the tables below, differences were considered significant at P <0.05 (*). 22
Camui and ionomycin-induced Ca 2+ oscillations
We first induced Ca 2+ release in eggs by adding ionomycin as previously described and 2 simultaneously monitored changes in FRET values (YFP/CFP) ( Fig. 4C-H approximately synchronously, as the large increase in the amount of Ca 2+ release caused by increasing ionomycin from 0.5 µM to 2.5 µM, results in a 1.9-fold increase in 8
CaMKII activity (mean amplitude of FRET change) (Fig. 4, supplement 2 ). Further increasing ionomycin from 2.5 µM to 5 µM produces nearly no change in total Ca 2+ 10 release, although it is very likely that the reporting range of Rhod-2 is saturated at these levels of Ca 2+ release. The CaMKII activity also appears to remain constant, although this 12 may also represent saturation of the FRET signal (Fig. 4, supplement 2) . Notably, addition of 5 µM ionomycin results in a prolonged duration of activity compared to lower 14 concentrations, but it is unclear whether this reflects the extended activation of the enzyme or cellular stress. 16
The absolute amplitude of the change in the FRET ratio for Camui after the addition of 18 0.5 µM ionomycin is ~10-fold greater than what is observed for FRESCA (0.014 for FRESCA compared to 0.14 for Camui), however, this measurable signal change in 20 FRESCA is sufficient to monitor endogenous CaMKIIγ activity, which we cannot detect with Camui, which reports CaMKIIα activity. In addition, it is worth noting that the 22 shape of the FRESCA traces is slightly different from those of Camui for the same stimulus. The peak activity of FRESCA is shorter than the corresponding Ca 2+ peak, although the return to basal activity is more protracted, whereas the Camui response more 2 perfectly tracks the shape of the Ca 2+ peak. Camui during Sr 2+ induced oscillations. Three Ca 2+ rises were quantified. The "1 st rise" is that which induced the first FRET response, and then the subsequent 2 rises were 4 measured. Statistics are reported in the tables below, differences were considered significant at P <0.05 (*). 6
Camui and Sr 2+ induced Ca 2+ oscillations
8
We next examined the Camui response to Sr 2+ -induced oscillations (Fig. 5) . Remarkably, despite the presence of robust changes in intracellular Ca 2+ levels, Camui (Fig. 5, red  10 line) did not report any CaMKII activity until the ~6 th significant Ca 2+ rise (Fig. 5B, arrow and inset). In total, only 33% of the eggs expressing Camui showed activity in the 12 first two rises, whereas nearly all FRESCA expressing eggs showed activity within the first two rises. These data suggest that the endogenous CaMKIIγ in eggs is more sensitive 14 Another distinctive feature of the Camui response caused by Sr 2+ oscillations is that 8 whereas the initial Camui responses were delayed, once they commenced, they displayed an integrated activation with each subsequent pulse. For example, we analyzed the mean 10 amplitude for the first three observable FRET changes. From the first to the second FRET change, there was a 1.6-fold increase in CaMKII activity. From the second to the third 12 FRET change, there was a negligible change, and these changed occurred while the amplitude of the Ca 2+ peaks progressively decreased and/or remained unchanged (Fig. 5,  14 supplement 1). These data indicate that CaMKII activity, once stimulated, is cooperative with each additional Ca 2+ pulse. This result is consistent with previous data showing that 16 CaMKII activity is highly cooperative in vitro (Chao et al., 2010; Chao et al., 2011) . As depicted in Figure 5A , a potential explanation for this is phosphorylation at Thr286 which 18 may persist even in the absence of elevated Ca 2+ . It has been clearly shown that CaMKII with Thr286 phosphorylated has a significantly higher affinity for Ca 2+ /CaM (Meyer et 20 al., 1992) . This would also explain why the FRET level does not return to baseline in between later Ca 2+ oscillations (Fig. 5B, blue lines) . 22
Measuring CaMKII activity under native fertilization conditions
In mammals, fertilization-associated Ca 2+ oscillations are induced by the release of 2 sperm's PLC into the ooplasm (Saunders et al., 2002) . We tested the response of both (Fig. 6D , arrow and bottom inset). However, this initial 22 activity was not detected in subsequent rises, and only the first and second (and to a less extent, third) Ca 2+ rises induced Camui responses despite the presence of robust and 2 frequent Ca 2+ oscillations (Fig. 6C, D, supplement 2) . Additionally, it is worth pointing out that the area under the curve for the third Ca 2+ rise in these experiments was 4 significantly reduced. This may be due to the fact that Camui itself is contributing significantly to the existing CaMKII in the egg, and potentially altering Ca 2+ dynamics. 6
These results raised the possibility that Camui is not well suited to detect CaMKII activity initiated by sporadic and low magnitude Ca 2+ rises, which are characteristic of 8 mammalian fertilization. Regardless, it remains to be elucidated why Sr 2+ induced oscillations are able to protractedly promote robust and persistent Camui responses 10 whereas the Camui response to PLC -induced oscillations fades rapidly. rise" is that which induced the first FRET response, and then the subsequent 2 rises were measured. Differences were considered significant at P <0.05 (*). 6 oscillation patterns are induced, we observe subsequent differences in CaMKII activity.
CONCLUDING REMARKS
From our data, it is clear that both the (i) pattern of Ca 2+ oscillations as well as the (ii) 4 specific CaMKII isoform responding play a role in CaMKII activation.
6
The pivotal role of CaMKII activation in causing release of the meiotic arrest and activation of the embryonic developmental program in vertebrates was recently and more 8 specifically evidenced by careful mass spectrometry experiments (Presler et al., 2017) .
This study showed that soon after fertilization, and temporally coinciding with the Ca 2+ 10 wave, there is a strong increase in protein phosphorylation that far outweighs the biochemical changes caused by protein degradation that accompanies fertilization. 12
Remarkably, the study also found that 25% of the phosphorylated sites matched the minimal phosphorylation motif of CaMKII. It is therefore important to determine how 14
Ca
2+ rises turn on CaMKII activity, and what parameter(s) of individual rises within an oscillatory pattern are necessary for periodic and consistent stimulation of its activity. We 16
propose that the magnitude of the initial activation of CaMKII depends on the magnitude of the stimulus and on internal regulation of CaMKII, which is largely based on the 18 variable linker region. Knowing the minimal Ca 2+ signal that increases the activity of
CaMKIIγ is important as we seek to develop more physiological methods of 20 parthenogenetic activation to treat some cases of infertility. increase the signal to noise ratio of the FRESCA sensor in order to achieve a more robust signal for accurate quantification of kinetics and amplitudes. Once this is accomplished, 8 we believe that FRESCA will provide new insights into CaMKII activity in cells and allow us to unravel the complexity of this unique protein kinase. 10
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MATERIALS AND METHODS
Plasmid design 2
In order to accommodate the requirements for FHA2 binding (Durocher et al., 2000) , syntide was modified from PLARTLSVAGLPGKK to PLARALTVAGLPGKK to create 4 syntide-2. Syntide-2 was generated by annealing 
Preparation of cRNAs and Microinjections 12
The sequences encoding Camui and FRESCA were subcloned into a pcDNA6 vector Side by side controls were performed under the same conditions (0.5 µM vs. 2.5 µM 20 ionomycin).
22
Data processing & statistical analyses
Graphs reporting FRET changes and Ca 2+ responses were prepared using the values of 2 the YFP (436x535)/CFP (436x480) ratios on the left axis, whereas Rhod-2 values were calculated using the following formula (F)/F0 (actual value at x time/average baseline 4 values for the first 2 minutes of monitoring) and the scale placed on the right axis. Values from three or more experiments performed on different batches of eggs are presented as 6 means ± s.e.m and were analyzed by the Student's t-test. Differences were considered significant at P <0.05. 8 
